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Abstract

Killer-cell immunoglobulin-like receptors (KIRs) are expressed predominantly on natural killer
cells, where they play a key role in the regulation of innate immune responses. Recent studies
show that inhibitory KIRs can also impact adaptive T cell-mediated immunity. In mice and in
human T cells in vitro, inhibitory KIR ligation enhanced CD8* T cell survival. To investigate the
clinical relevance of these observations, we conducted an extensive immunogenetic analysis
of multiple, independent cohorts of HIV-1, hepatitis C virus (HCV) and human T cell leukemia
virus (HTLV-1)-infected individuals in conjunction with in vitro assays of T cell survival, analysis
of ex vivo KIR expression and mathematical modeling of host-virus dynamics. Our data suggest
that inhibitory KIRs enhance the CD8* T cell response against HIV-1, HCV and HTLV-1 and are

a significant determinant of clinical outcome in all three viral infections.



Introduction

Killer-cell immunoglobulin-like receptors (KIRs) are a family of transmembrane glycoproteins
with activating and inhibitory isoforms; their ligands include the HLA class | molecules'?. KIRs
are expressed predominantly on natural killer (NK) cells and are primarily associated with
innate NK cell-mediated immunity. However, recent studies have shown that KIRs can also

impact adaptive T cell-mediated immunity.

Two distinct routes whereby inhibitory KIRs (iKIRs) affect T cell responses have been
described®*. First, iKIR expression on CD8* T cells directly affects their longevity and function.
KIRs are expressed on T cells with an effector memory TEM(RA) phenotype (CD28CD45RA*/~
CD45RO*CCR7"); the frequency of KIR* T cells increases with age and some persistent viral
infections>!%. In mice, inhibitory Ly49 receptors (the functional homolog of iKIRs) enhance
CD8* T cell survival*2. Similarly, in KIR-transgenic mice, ligation of iKIRs on T cells reduces
activation-induced death!®'4, Furthermore, iKIR expression on human T cells is associated
with higher levels of the survival molecule Bcl-2, reduced cell death and impaired
functionality!>?’. Second, KIRs indirectly modify the CD8* T cell response via their expression
on NK cells. NK cells regulate T cell immunity by cytokine secretion and killing activated CD4*
and CD8* T cells; this regulation may be modified by the expression of inhibitory receptors on
NK cells**819, In mice, lymphocytic choriomeningitis virus-specific CD8* T cell responses are
modulated via NK cell mediated-killing of activated CD4* T cells?® and in murine
cytomegalovirus infection, IL-10 production by NK cells impairs the CD8* T cell response 1.

Additionally, human NK cells can lyse hepatitis B virus-specific CD8* T cells in vitro??.

The clinical relevance of an interaction between iKIRs and CD8* T cells is difficult to infer from
these earlier studies, because it is impossible to tell whether changes in CD8* T cell lifespan in
mice or in vitro alter the course of disease in humans in vivo. To investigate whether iKIRs have
a clinically significant impact on the CD8* T cell response, our starting point was the well-
documented association between certain HLA class | alleles and disease outcome as this
represents compelling evidence that CD8* T cells are clinically relevant. We reasoned that if
KIRs significantly affect the CD8" T cell response then KIRs will affect HLA class | disease

associations. In a previous study, we validated this approach by showing that KIR2DL2



exaggerates both protective and detrimental HLA class | associations with disease progression
in individuals infected with hepatitis C virus (HCV) or human T cell leukemia virus type 1 (HTLV-
1)23. However, it remains unclear whether this constitutes a generalizable phenomenon that
extends to other viruses and iKIRs. Furthermore, the mechanism underlying the effect was not

investigated.

In this study we used epidemiological data from multiple, independent cohorts of HIV-1, HCV
and HTLV-1-infected individuals; in vitro T cell survival assays; ex vivo analyses of KIR
expression and mathematical modelling of host-virus dynamics. Our data indicate that both
two-domain and three-domain iKIRs, together with their HLA class | ligands, enhance the CD8*
T cell response to HIV-1, HTLV-1 and HCV by prolonging CD8* T cell survival and are a significant

determinant of clinical outcome in all three viral infections.



Results

We studied a well-characterized cohort of HIV-1 seroconverters from sub-Saharan Africa who
were identified when seronegative and followed under Protocol C of the International AIDS
Vaccine Initiative (IAVI)?4#2°, First we sought to identify KIR-HLA associations that could
potentially confound our study. We define a “functional KIR gene” as a KIR gene together with
a gene encoding its HLA class | ligand. Both functional KIR3DS1 (KIR3DS1 with the gene
encoding its putative ligand HLA-Bw4-80I) and functional KIR3DL1 (KIR3DL1 with the gene for
its ligand HLA-Bw4) have previously been associated with good NK cell-mediated control of
HIV-I infection?®?7. In the IAVI cohort, the protective effect of functional KIR3DS1, but not
functional KIR3DL1 was replicated, Supplementary Table S1, (the absence of a protective
KIR3DL1 effect may be due to the paucity of HLA-B*57:01 alleles in our cohort?8). To prevent
confounding effects arising from strong linkage disequilibrium between the KIR genes we
therefore excluded all individuals with functional KIR3DS1. As expected, HLA-B*57 was
significantly associated with low early set-point viral load (Coeff = —-0.42, P = 0.004) and slow

progression to low CD4 count (HR = 0.44, P =0.02).

iKIR genes are associated with an enhancement of the protective effect of HLA-B*57

To determine whether HLA-B*57 was more protective in the presence of functional KIR2DL2,
we stratified the cohort into individuals with functional KIR2DL2 and without functional
KIR2DL2 and analyzed the protective effect of HLA-B*57 in each stratum. Two definitions of
functional KIR2DL2 were considered: (i) strong functional KIR2DL2 (KIR2DL2 with genes
encoding its strong HLA-C1 ligand); and (ii) weak functional KIR2DL2 (KIR2DL2 with genes
encoding its weaker HLA-C2 ligand). For both early set-point viral load and time to low CD4
count, HLA-B*57 was significantly protective in the stratum with functional KIR2DL2 but
weaker and non-significant in its absence; additionally, the magnitude of the protection was
greater with the stronger ligand (Fig. 1A, Table 1). These differences were not attributable to
cohort size because there were fewer HLA-B*57* individuals in the stratum with functional
KIR2DL2 than in the stratum without functional KIR2DL2. We then extended the analysis to
other iKIRs with known ligands (KIR2DL1 with HLA-C2 and KIR2DL3 with HLA-C1). Functional
KIR3DL1 could not be analysed because there were no individuals with HLA-B*57 who lacked

functional KIR3DL1. Other iKIRs with disputed ligands were excluded from the analysis. Both



functional KIR2DL1 and functional KIR2DL3 enhanced the protective effect of HLA-B*57 on
both early set-point viral load and time to low CD4 count (Fig. 1A&B, Table 1). The odds of

seeing this enhancement by chance are P = 2x10°® (Permutation test).

Having investigated the effect of the presence or absence of individual functional iKIR we next
investigated the effect of the number of functional iKIRs. For each subject in the cohort we
assigned two numbers: (i) a ‘count of functional iKIR’ (a count of the number of iKIR+ligand
pairs); and (ii) an ‘inhibitory score’ (similar to the count but weighted to reflect the strength
of iKIR signalling; Supplementary Methods). We first stratified the cohort based on the
inhibitory score (all cut-offs that gave balanced strata were considered) and analyzed the
strength of HLA-B*57-mediated protection in each stratum. Again, we found that the
protective effect of HLA-B*57 on both early set-point viral load and progression to low CD4
count was enhanced in the high inhibitory score stratum and that the size of the protective
effect increased with the magnitude of the score (Fig. 1A&B, Table 1). Repeating the analysis
using the count of functional iKIRs gave similar results indicating that our findings were not
dependent on the choice of scoring system. Within HLA-B*57* individuals (but not HLA-B*57-
individuals), both the inhibitory score and the count of functional iKIRs were significantly
associated with a decrease in early set-point viral load (Fig. 1C). This result indicates that iKIRs
enhance the HLA-B*57 protective effect in a gene dose-dependent manner and shows that
functional iKIRs alone (i.e. not in the context of HLA-B*57) are not significantly protective; this

latter conclusion was confirmed by multivariate analysis (Supplementary Table S2).

The iKIR-associated enhancement of HLA-B*57-mediated protection was wholly dependent
on the presence of the KIR ligands. If we counted iKIRs in the absence of ligand, we found no

enhancement of HLA-B*57-mediated protection (Supplementary Fig. S1).

Repeating the analysis of the impact of iKIRs on HLA-B*57 using a different approach
(introducing a covariate with different levels for HLA-B*57 -, HLA-B*57*KIR~ and HLA-

B*57*KIR* and performing multivariate regression and Cox survival analysis on the whole,
unstratified cohort) yielded identical conclusions: the iKIRs KIR2DL1, KIR2DL2 and KIR2DL3

with genes encoding their HLA ligands, a high inhibitory score and a high count of functional



iKIRs all enhanced the protective effect of HLA-B*57 on both outcome measures: early viral

load and time to low CD4 count (Supplementary Table S3).

To check that the iKIR-associated enhancement we observed was not driven by LILRB2
binding?® (which was significantly protective in our cohort, Supplementary Table S4) or by
functional KIR3DL1 (which was not protective in our cohort, Supplementary Table S1, but has
been reported elsewhere?®?’), we included these terms as covariates in our model. In both
cases, the conclusions were unchanged (Supplementary Table S5), indicating that functional
iKIR enhancement was not attributable to these potentially confounding factors. The
conclusions were also unchanged when we included KIR3DL2 with genes for its classical HLA
ligands (HLA-A3, -A11 and -B27) or genes for its classical and non-classical HLA ligands (HLA-

A3, -Al11, -B27 and -F3°) in the count of functional iKIRs and the inhibitory score.

Which iKIR is responsible for the enhancement of HLA-B*57-mediated protection?

The KIR genes are in strong linkage disequilibrium so the enhancement of HLA-B*57-mediated
protection by functional KIR2DL1, functional KIR2DL2 and functional KIR2DL3 are not
independent. Establishing which KIR gene(s) was/were responsible for the enhancement was
difficult because the cohort size limited the power of further sub-stratification. Across the
cohort, functional KIR2DL1 and functional KIR2DL2 were both negatively associated with
functional KIR2DL3 while functional KIR2DL1 and functional KIR2DL2 were unassociated.
Given that all three functional iKIR enhanced HLA-B*57 and none of them were positively
associated this suggests that more than one functional iKIR was enhancing HLA-B*57-
mediated protection (the requirement for ligand makes enhancement via ‘absence of a KIR’
unlikely). Furthermore, among HLA-B*57* subjects, both the count of functional iKIRs and the
inhibitory score were better predictors of early viral load than any of the individual functional
iKIRs, again suggesting that more than one iKIR was enhancing the protective effect of HLA-
B*57. Henceforth, because of the difficulty in determining which iKIR(s) were responsible for
the enhancement of HLA-B*57 together with the evidence that more than one iKIR was

implicated we focus on the count of iKIRs and the inhibitory score rather than individual iKIR.



Maintenance of the protective effect of HLA-B*57 depends on iKIRs

Next, we investigated longitudinal viral load in the IAVI cohort (a total of 5197 person-visits
between 0—2000 days post-infection). The cohort was stratified in three ways: (i) functional
iKIR-negative and —positive; (ii) low and high functional iKIR count; or (ii) low and high
inhibitory score. In each case, the local non-parametric regression lines were calculated (Fig.
2A, Supplementary Fig. S2). A consistent picture emerged for each of the three functional
iKIRs and for both the iKIR count and inhibitory score. In the presence of a strong inhibitory
signal (functional iKIR-positive or a high inhibitory score/count), the protective effect of HLA-
B*57 on viral load was sustained over time. Conversely, in the absence of a strong inhibitory
signal (functional iKIR-negative or a low inhibitory score/count), the protective effect of HLA-
B*57 on viral load was weak. Interestingly, in the absence of a strong inhibitory signal (Fig. 2A,
left panel), HLA-B*57 appeared to protect at very early time points post-infection, but this
protective effect was eroded with time. Bootstrap estimation of the correlation between HLA-
B*57-mediated protection and time confirmed this observation: the protective effect of HLA-
B*57 decreased significantly more rapidly in people with a low inhibitory score (P = 0.00002,
Fig. 2B). These findings are consistent with our hypothesis that a strong inhibitory signal

enhances T cell survival.

Impact of iKIRs on HLA-B*35Px

In the context of HTLV-1 infection, KIR2DL2 has also been shown to enhance the detrimental
effects of the susceptibility allele HLA-B*54%3. We therefore investigated the impact of iKIRs
on the well-established detrimental association between HLA-B*35Px and the outcome of
HIV-1 infection332. In the 1AVI cohort, HLA-B*35Px was associated with an increase in set-
point viral load (Coeff = +0.35, P = 0.0007); but this effect was not consistently enhanced by
iKIRs (Supplementary Table S6). However, when we studied longitudinal viral dynamics, it
could again be seen that the detrimental impact of HLA-B*35Px on viral load was progressively
eroded in individuals with a low inhibitory score and maintained in individuals with a high
inhibitory score (Supplementary Fig. S3). This observation explains why iKIR enhancement of
the HLA-B*35Px effect was not visible in the original outcome measure, early set-point viral
load, which focuses on the first 3-9 months post-infection. Furthermore, bootstrap estimates

of the correlation between time and the detrimental effect of HLA-B*35Px showed that the



detrimental effect weakened in individuals with a low inhibitory score but was maintained in
individuals with a high inhibitory score (P = 6x107, P = 5x107, P = 9x108 for inhibitory score
cut-offs of 2.0, 2.5, 2.75, respectively; Supplementary Fig. $3). HLA-B*35Px did not influence
the time to low CD4 count in the IAVI cohort (HR = 1.04, P = 0.8), so we did not investigate the

interplay between iKIRs and HLA-B*35Px for this outcome measure.

Replication cohorts

We considered two independent replication cohorts: IAVI-partners and US.

IAVI-partners. |IAVI-partners is a cohort of 315 HIV-1* individuals from sub-Saharan Africa (the
partners of the incident cases in the main IAVI cohort). In this cohort, HLA-B*57 showed a
trend to reduce median viral load (Coeff = —0.33, P = 0.06) and HLA-B*35Px was non-
significant. Pooling IAVI and IAVI-partners provided a much larger cohort (N = 776). In this
pooled cohort, HLA-B*57 was strongly protective (Coeff =—0.43, P =0.00003) and HLA-B*35Px
showed a trend to be detrimental (Coeff = +0.16, P = 0.06). In both the unpooled and the
pooled cohorts, the effects of HLA-B*57 and HLA-B*35Px were enhanced in people with a high
inhibitory score (Table 2). Strikingly, HLA-B*35Px, which only showed a trend for susceptibility
in the pooled cohort and nothing in the unpooled cohort, was highly significantly detrimental

in people with a high inhibitory score (Coeff = 2.74, P = 0.0004).

US. The US is a cohort of 548 HIV-1* individuals with known seroconversion date. 57.8% of
subjects were white, 38.7% African American and 3.5% Hispanic/”Other”; we therefore
stratified by ethnicity. Among whites, but not African Americans, both functional KIR3DS1
(KIR3DS1*Bw4-80I*) and functional KIR3DL1 (KIR3DL1*Bw4*) were protective. We therefore
excluded functional KIR3DS1* individuals and included functional KIR3DL1 as a covariate in the
white stratum. Although neither of these steps were necessary in the African American
stratum, we repeated the analysis with both steps to check that the weak, insignificant effects

of functional KIR3DS1 or functional KIR3DL1 were not responsible for our results.

Among whites, 15 HLA-B*57* and 16 HLA-B*35Px* individuals remained after exclusion of
functional KIR3DS1* individuals. Stratification of these groups left at most 8 people in each

arm, so analysis was not possible. In contrast, among African Americans, there were 31 HLA-



B*57* and 45 HLA-B*35Px* individuals. Analysis showed that both the protective effect of HLA-
B*57 and the detrimental effect of HLA-B*35Px on the time to CD4 count < 200 cells/mm?3
were consistently enhanced by functional iKIRs (Table 2). On pooling white, Hispanic/”Other”
and African Americans (with ethnicity as a covariate), the protective effect of HLA-B*57 and
the detrimental effect of HLA-B*35Px were still enhanced, although the enhancement of HLA-
B*57 appeared weaker (Table 2) suggesting that the iKIR effect on HLA-B*57 was largely
driven by the African American population. These findings were replicated when high-

expressing KIR3DL1 alleles were included as a covariate (Supplementary Table S7).

We conclude that in HIV-1 infection, in three independent cohorts, the effects of both
protective and detrimental HLA alleles on viral load and disease progression are stronger in

the presence of genes coding for iKIRs with their ligands.

Impact of iKIRs on asymptomatic status in HTLV-I infection

We previously reported that KIR2DL2 enhances HLA class | associations in HTLV-1 infection,
but found little evidence for enhancement by other iKIRs?3. In contrast, the findings reported
here, show that all iKIRs amenable to analysis enhanced HLA-B*57 and HLA-B*35Px disease

associations in HIV-1 infection. We therefore re-examined the HTLV-1 data.

We confirmed that, in the HTLV-1-infected Kagoshima cohort, functional KIR2DL2 strongly
enhanced the protective effect of HLA-C*08 and the detrimental effect of HLA-B*54 on the
odds of the inflammatory disease HTLV-l-associated myelopathy/tropical spastic paraparesis
(HAM/TSP). Previously, we reported that, unexpectedly, functional KIR2DL2 did not enhance
the protective effect of HLA-A*02?3. However, we recently found that only HLA-A*02:07, and
not the more frequent HLA-A*02:01 and HLA-A*02:06, associates with protection in the
Kagoshima cohort (Supplementary Table S8). We therefore repeated the analysis at the level
of 4-digit HLA resolution. Although subject numbers were low, we found evidence that
KIR2DL2 did indeed enhance the protective effect of HLA-A*02:07 (halving the risk of
developing HAM/TSP). Investigating the other iKIRs, we found that the low frequency of HLA-
C2 precluded a meaningful analysis of functional KIR2DL1 (too few functional KIR2DL1*
individuals) and functional KIR2DL3 (too few functional KIR2DL3" individuals), explaining why



we had not previously seen an effect for these other iKIRs. However, for functional KIR3DL1
both the positive and negative stratum were of sufficient size to permit analysis and there we
found good evidence that functional KIR3DL1 enhanced both the detrimental effect of HLA—
B*54 and the protective effects of HLA-A*02:07 and HLA-C*08. Furthermore, the effects of
HLA-B*54, HLA-A*02:07 and HLA—C*08 were, in each case, strongest in individuals with a
high inhibitory score and were weak and non-significant in individuals with a low inhibitory

score (Table 3).

The high inhibitory score stratum was heavily enriched for people with strong functional
KIR2DL2 (P < 10* cut-off = 1.5, P < 10" cut-off = 1.75; Chi squared) so the KIR2DL2
enhancement and high iKIR score enhancement of HLA-B*54, —A*02:07 and —C*08 were not
independent. However, functional KIR3DL1 is not a surrogate for functional KIR2DL2 (P = 0.86
Chi-squared), so the enhancement due to KIR2DL2 was independent of the enhancement due
to KIR3DL1. We conclude that, although most iKIRs cannot be analysed (due to the low
frequency of HLA-C2 alleles in Japan) there is evidence that, independent of KIR2DL2, another
iKIR, KIR3DL1 and a high iKIR score enhance HLA class | disease associations in HTLV-1

infection.

Impact of iKIRs on spontaneous clearance of HCV

We previously reported that functional KIR2DL2 enhances the protective effect of HLA-B*57
on spontaneous clearance of hepatitis C virus (HCV). Again, the earlier analysis found no
evidence that other iKIRs showed similar behaviour?3. Reanalysis of this cohort confirmed the
KIR2DL2 enhancement. It was not possible to analyze any other individual iKIR (insufficient
numbers of HLA-B57* functional KIR2DL1™ and HLA-B57* functional KIR3DL1* individuals; and
functional KIR2DL3 alone is protective3?, Supplementary Table S2). We also found a strong
enhancement of the HLA-B*57 effect in people with a high iKIR score (Supplementary Table
$9). However, the high inhibitory score stratum was heavily enriched for people with strong
functional KIR2DL2 for all three cut-offs considered (P < 2.101® in each case; Chi squared) and
so the functional KIR2DL2 enhancement and strong iKIR enhancement of HLA-B*57 were not

independent. We conclude that functional KIR2DL2 and a high inhibitory score enhance the
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protective effect of HLA-B*57 in HCV infection but it is not possible to test whether or not

other iKIRs show the same behaviour.

Primary HLA class | associations are unlikely to be attributable to NK cells

In theory, an HLA class | disease association could be attributable to the role of these
molecules as recognition targets for either CD8* T cells (via somatically rearranged T cell
antigen receptors) or NK cells (via germline-encoded KIRs). If a given HLA association is
attributable to NK cells rather than CD8* T cells, then other HLA class | molecules with similar
KIR-binding properties should be similarly protective/detrimental (in the context of the
relevant KIRs). This pretext forms the basis of classical KIR-HLA analyses®”3437, We
investigated this possibility for each of the HLA class | alleles included in this study (HLA-B*57
and HLA-B*35Px in the HIV-1-infected IAVI cohort, HLA-A*02:07, HLA-C*08 and HLA-B*54 in
the HTLV-1-infected Kagoshima cohort, and HLA-B*57 in the HCV-infected cohort). The results
are detailed in the Supplementary Material & Supplementary Table S10. We found no
evidence to suggest that any of the HLA class | associations could be explained by a ligand
preference for certain KIRs. This is consistent with existing evidence that these HLA class |
associations are attributable to CD8* T cells3¥#3, Furthermore, simply considering iKIR:ligand
pairs (without also considering the protective or detrimental HLA class | alleles) finds no
significant protective or detrimental effect of any individual iKIR:ligand or of the count of

functional iKIR or of the Inhibitory score in HIV-1, HTLV-1 or HCV (Supplementary Table S2).

iKIR ligation enhances CD8* T cell survival in vitro

Studies in mice and in vitro have shown that inhibitory NK receptors on T cells reduce
activation-induced cell death'?14. An iKIR-mediated enhancement of CD8* T cell survival may
therefore explain our immunogenetic findings. However, whilst our immunogenetics findings
show presence of the HLA ligand is crucial, the role of ligand in the in vitro survival studies is
less clear. Two studies reported that iKIRs are associated with CD8* T cell survival independent
of ligand®>*, while a third indicated that KIR-ligation is required for the increased survival®’.
To clarify and extend this work we investigated the impact of blocking iKIR ligation on CD8* T
cell survival in vitro. Three KIR-expressing CD8* T cell lines were established: two expressing
KIR2DL3 and one expressing KIR3DL1, (Supplementary Fig. S4). The lines were co-cultured

with the HLA class-I-deficient B cell line 721:221 (henceforth 221) that was either
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untransfected, transfected to express a non-cognate HLA molecule (HLA-B57:01 or HLA-
C04:01 in the case of KIR2DL3 and HLA-C03:04 or HLA-C04:01 in the case of KIR3DL1) or
transfected to express a cognate HLA molecule (HLA-C03:04 in the case of KIR2DL3 and HLA-
B57:01 in the case of KIR3DL1). Activation was induced with staphylococcal enterotoxin E
(SEE). T cell survival was quantified in the presence of antibodies that block KIR (GL183, Dx9%),
or block HLA class | (Dx17%); or an isotype control. The gating strategy is illustrated in
Supplementary Fig. S5. We found that blocking the iKIR-HLA interaction either by blocking KIR
or by blocking HLA class | decreased the count of live T cells compared to isotype control (block
KIR: median difference = 40% P = 0.0007; block HLA: median difference = 49% P = 0.002; Fig.
3A). This corresponds to an increase in survival of KIR-expressing cells of 68% and 96%,
respectively. Survival was similarly impaired in the absence of ligand (221 transfected with

non-cognate HLA: median difference = 76% P = 0.001).

Next, we extended this work to primary CD8" T cells. Peripheral blood mononuclear cells
(PBMCs) from three HLA-B*27* individuals with ankylosing spondylitis, who have a high
proportion of PBMCs expressing KIR3DL2®, were stimulated with staphylococcal enterotoxin
B. KIR3DL2 binds HLA-B27 homodimers®. Survival of KIR3DL2* CD8* T cells was quantified in
the presence of antibodies that block KIR3DL2 (DX31), that block HLA-B27 homodimers
(HD6*) or an isotype control, Supplementary Fig. S6. We found that blocking the iKIR-HLA
interaction reduced the count of live KIR3DL2* CD8* T cells compared to isotype control (block

KIR: median difference=57%; block HLA: median difference=55%; Fig. 3B).

Finally, iKIR ligation has been shown to inhibit CD8* T cell killing under some conditions®. To
assess this possibility, which could mitigate the biological impact of enhanced survival, we
quantified the impact of iKIR ligation on the mobilization of CD107a, a surrogate marker of
degranulation. Greater numbers of live CD107a* cells were observed in the presence of a
functional KIR-HLA interaction after stimulation of the KIR2DL3-expressing CD8" T cell line
VTE1 with SEE (Fig. 3C). In summary, KIR ligation enhances the number of viable cells and the

number of functional cells both for cell lines and for primary CD8* T cells in vitro.
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Virus-specific CD8* T cells express iKIR ex vivo

To probe the relevance of these findings, we quantified the fraction of virus-specific CD8* T
cells which expressed iKIRs (KIR2DL1, KIR2DL2/L3, KIR3DL1 and KIR3DL2) in PBMCs from HIV-
1-positive (N=16) and HTLV-1-positive (N=9) donors. We found considerable proportions of
iKIR-expressing pentamer* CD8* T cells in both groups (HIV-1: mean = 27%; HTLV-1: mean =
15%), Fig 3D, Supplementary Fig. S7. On analysing the differentiation stage of virus-specific
KIR-expressing CD8* T cells we found, consistent with previous work on bulk CD8* T cells'®,
that approximately 40% of iKIR* pentamer* cells lay within the CD45RA*CD28 T effector
memory revertant gate; the remainder were distributed approximately equally between
CD45RACD28* central memory T cells, CDA45RACD28 effector memory T cells and

CD45RA*CD28* stem cell memory/naive T cells, Supplementary Fig. S8.

We did not investigate iKIR expression on pentamer® CD8* T cells from HCV-seropositive
individuals because the frequency of HCV-specific CD8* T cells in the blood is known to ne
extremely low*®4°, due in part to T cell homing to the liver®°. Instead we investigated the
relationship between functional iKIR expression and cell death ex vivo using bulk CD8* and
CD4* T cells from HCV-seropositive individuals (N = 15) and healthy donors (N = 15). We found
that iKIR* CD8" and iKIR* CD4* T cells were both less likely to be annexin V* in individuals where

the cognate HLA ligand was present (Supplementary Results & Supplementary Fig. S9).

Mathematical modelling to investigate the hypothesis that iKIRs enhance CD8" T cell
survival

The hypothesis that iKIRs enhance HLA class | disease associations by enhancing T cell survival
sounds reasonable, but closer inspection reveals a number of difficulties. First, iKIRs would be
expected to increase the survival of all CD8* T cells not just those restricted by protective HLA
alleles. In an immunogenetic study, a protective HLA effect reflects the difference in viral
control between average and protective HLA alleles, so it is not obvious how a non-specific
increase in T cell survival would enhance protective HLA associations. Second, is it difficult to
envisage how the same mechanism could also have the opposite effect and enhance
detrimental HLA associations. Finally, there is evidence that iKIRs can suppress the lytic activity

of CD8* T cells under some conditions'® (although this was not replicated in our work with
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CD107a). This raises another question: is it reasonable to suggest that in people with a high
iKIR score, and potentially a higher level of functional inhibition, CD8* T cell protection is
actually enhanced? To address these questions we constructed a mechanistic mathematical
model of host-virus dynamics for HIV-1. In this model, CD8* T cells restricted by protective HLA
class | molecules were assumed to lyse targets more efficiently than average, whereas CD8* T
cells restricted by detrimental HLA class | molecules were assumed to lyse targets less
efficiently than average. In the first instance, we assumed that the only effect of iKIRs was to
enhance T cell survival; in later analyses, we assumed that iKIRs also impaired CD8* T cell lysis.
We generated 100,000 random parameter combinations by sampling from the physiological
range for each parameter (Supplementary Table S11) and solved the system numerically (Fig.
4A). For each parameter combination we recorded whether the protective effect (decrease in
set-point viral load associated with possession of a protective HLA class | molecule compared
with an average HLA class | molecule) was enhanced in people with a high number of
functional iKIRs. We found that the majority of runs (97%) showed iKIR-mediated
enhancement of protective HLA class | associations (Fig. 4B). Next, we repeated the analysis
for detrimental HLA class | molecules. This showed that detrimental HLA class I-associated
effects were also enhanced across a wide range of parameter space (Fig. 4C). Comparison of
the region of parameter space where protective HLA class | associations were enhanced and
where detrimental HLA class | associations were enhanced showed that there was broad
overlap; i.e. there exist parameter regions where both protective and detrimental HLA class |
associations were simultaneously enhanced. Additionally, when iKIRs were assumed to inhibit
T cell lysis, enhancement of protective and detrimental HLA class | effects was decreased, but
the majority of runs still showed enhancement (Fig. 4D&E). Further analysis showed these
results were robust to both structural and parametric changes in the model (Supplementary

Methods).

To understand how an increase in CD8* T cell survival can enhance both protective and
detrimental HLA class | associations, we simulated viral load as a function of CD8* T cell
lifespan for three representative individuals: one with average HLA class | molecules, one with
a protective HLA class | molecule and one with a detrimental HLA class | molecule (Fig. 4F). On
seeing this figure, the explanation immediately becomes obvious. In the limit, when CD8" T

cell lifespan is very short, it makes little difference whether an individual possesses average,
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protective or detrimental alleles; everyone has a similar viral load independent of their HLA
genotype. In an immunogenetics study this would manifest as an absence of association
between either protective or detrimental alleles and outcome. As CD8* T cell lifespan is
increased (for example by iKIRs) then the “quality” of the CD8* T cell response becomes
important, and a large difference in viral load emerges between people with average,
protective and detrimental HLA class | alleles. In an immunogenetics study this would manifest
as large protective and detrimental effects i.e. as CD8* T cell lifespan increases both protective
and detrimental effects are enhanced. Although this model does not prove the hypothesis it
does show that the hypothesis predicts our findings and provides a plausible and intuitive

explanation for a seemingly contradictory observation.
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Discussion

In this study, we conducted an immunogenetic analysis of three independent cohorts of HIV-
1-infected individuals to investigate the impact of iKIR genes on well-established HLA class |
disease associations. We found that genes for iKIRs consistently enhanced the protective
effect of HLA-B*57 and the detrimental effect of HLA-B35Px on viral load and progression to
low CD4 count. The result was critically dependent on the presence of the KIR ligand. A
reanalysis of two other persistent viral infections, HCV and HTLV-1, found consistent results:
all four HLA class | associations studied were enhanced in people with a high inhibitory score.
We previously reported this effect as an enhancement associated with one particular iKIR
(KIR2DL2)®. In HCV infection, enhanced HLA class | association were detected for individuals
with KIR2DL2 and individuals with a high inhibitory score, but it was impossible to determine
which effect was the driver. However, in HTLV-1 infection, new data made it possible to show
that, independent of KIR2DL2, another iKIR (functional KIR3DL1) enhanced both protective
and detrimental HLA class | disease associations. The probability of seeing this result by chance
is P = 10%; furthermore the HIV-1 findings were replicated in two independent cohorts.
Collectively, these data suggest that all iKIRs behave in a similar way and that KIR2DL2 is not
functionally unique (though its prevalence and distribution make its effects easier to detect in
some cohorts; a hypothesis we suggested previously?3). The iKIRs are closely related, being
the product of gene duplication®?, so it is gratifying that we find a unifying picture in which all

iKIRs enhance HLA class | associations in a similar fashion.

We investigated the underlying mechanism using three approaches: (i) analysis of the duration
of HLA class I-mediated effects in the HIV-1-infected cohort; (ii) in vitro survival assays
combined with ex vivo KIR expression analysis and (iii) mathematical modelling. In the HIV-1
cohort, the phenomenon of iKIR-mediated enhancement appears to be related to the
longevity of the CD8* T cell response as both the HLA-B*57 protective effect and the HLA-
B35Px detrimental effect were eroded over time in individuals with a low inhibitory score but
maintained in individuals with a high inhibitory score; the difference in rates between these
two groups was consistently highly significant. In vitro, we found that blocking the KIR:HLA
N

interaction significantly reduced cultured and primary T cell survival and functional CD107a

T cell survival following activation with superantigen. In addition, presence of the KIR ligand
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was associated with a decrease in annexin V expression on CD4* and CD8* T cells expressing
iKIR directly ex vivo. We also found substantial levels of iKIR expression on virus-specific CD8*
T cells among PBMCs isolated from HIV-1 and HTLV-1-seropositive individuals. Finally, in a
mathematical model of host-virus dynamics in HIV-1 infection, we predicted that if iKIRs
increase CD8* T cell lifespan (either directly or indirectly) then we would see an enhancement
of HLA class | associations, consistent with the immunogenetic data. Further, the model
provides an explanation for how increasing CD8* T cell lifespan can simultaneously have two
seemingly contradictory effects: enhancing both protective and detrimental associations. The
modelling shows that if CD8* T cells have longer lifespans (e.g. due to the presences of iKIRs)
then the quality of the CD8* T cell response becomes more important and so differences
between protective, average and detrimental HLA alleles become more apparent i.e. both

protective and detrimental effects are enhanced.

Our conclusions are that iKIRs enhance HLA class | associations and that this can be explained
by an increase in CD8* T cell survival in the presence of functional iKIRs. A number of ways in
which iKIRs can increase CD8* T cell survival have been described. These can be broadly
divided into “direct” (iKIRs on T cells affect T cell lifespan) and “indirect” (iKIRs on other cell
populations, e.g. NK cells, affect T cell lifespan); these pathways are summarised in
Supplementary Fig $10. Our finding that, in vitro, iKIR expression on CD8* T cells is directly
associated with increased survival does not preclude a role for iKIR on NK cells in indirectly
enhancing CD8* T cell survival. Both effects may be occurring and increasing CD8* T cell
survival and both are consistent with our immunogenetics analysis, the longitudinal study and

the mathematical modelling.

The iKIR-ligand binding groups which we use in our definition of “functional iKIR” are relatively
simplistic. Incomplete knowledge of how different alleles and different peptides affect binding
and signalling precludes a more sophisticated definition. Nevertheless, these simplistic
groupings have proved very powerful in other studies 26:27:33:3537,5253 \ith the definition of
inhibitory score used we saw clear and reproducible results. This suggests that the score is a
meaningful metric (indeed the odds of seeing the results by chance is <107%). It is worth noting
that the score is used only to split the cohorts in half, so second order changes to the

calculation of the score will not necessarily change the results; we found that our conclusions
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were robust to quite dramatic changes to the score (e.g. whether KIR3DL2 with classical class
| ligands was included or not). This is because a person’s score can change by a large amount
and they will still remain in the same strata. Indeed, whether we simply count KIR-ligand pairs

or use the weighted inhibitory score has little impact on the conclusions.

HCV, HIV-1 and HTLV-1 are all characterized by continuous high level viral replication and
chronic immune activation which has been associated with CD8* T cell exhaustion and
activation-induced T cell death®**’. Chronic immune cell activation is also associated with
increased KIR expression on T cells>1+58€0  iKIR ‘rescuing’ of activated CD8* T cells may be
particularly important in this setting. Most KIR-HLA genetic associations are not replicated
across viral infections e.g. KIR3DS1 with HLA-Bw4 is protective in the context of HIV-1 but not
HTLV-15%; this is difficult to understand unless a very strong peptide dependence is postulated.
In contrast, we report that all iKIRs enhance HLA class | associations in all three persistent virus
infections we have studied (HIV-1, HCV and HTLV-1), pointing to a universality that is often

missing from KIR studies.

It is notable that NKG2A:CD94 interactions with HLA-E have recently been shown to play an
important role in the education of NK cells®?. This finding raises the possibility that other
receptor-ligand pairs may influence HLA associations with disease in a similar manner to

functional iKIRs.

The iKIR-HLA receptor-ligand system also has similarities to the programmed death 1 (PD-1)-
programmed death-ligand 1/2 system. Both iKIR and PD-1 are inhibitory receptors which
interfere with proximal T cell receptor signalling and are upregulated in the context of chronic
viral infection and on tumour infiltrating lymphocytes. PD-1 and iKIR are both expressed on
late stage differentiated memory T cells, typically in a mutually exclusive manner®. Blockade
or activation of iKIR would thus affect a different population of T cells compared with PD-1
activation/blockade. These observations, combined with the demonstration herein that the
iKIR-HLA receptor-ligand system is clinically significant, suggest novel and synergistic targets

for therapeutic immune checkpoint blockade.
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Abbreviated Methods

(Full Methods available in Supplementary Information)

Cohorts

1AVl is a prospective cohort of treatment-naive HIV-1 seroconverters from sub-Saharan Africa,
identified and followed under Protocol C of the International AIDS Vaccine Initiative (IAVI) 242>,
Individuals who possessed both KIR3DS1 and its putative ligand HLA-Bw4-80! were excluded
from the analysis to eliminate the potentially confounding effects of functional KIR3DS1. The
cohort comprised individuals with time to low CD4 count information (N=491) and individuals
with early viral load information (N=461).

IAVI partners is an HIV-1 seroprevalent cohort (N=315).

US is a cohort of HIV-1 seroconverters (N=548).

Kagoshima is a cohort of HTLV-1-infected subjects (N=392).

HCV comprises four sub-cohorts of HCV-seropositive subjects (N=782).

This study was approved by the NHS Research Ethics Committee (13/WS/0064) and the
Imperial College Research Ethics Committee (ICREC_11_1_2). Informed consent was obtained

at the study sites from all individuals.

Regression
The impact of genotype on outcome was analyzed using multivariate linear, logistic and Cox
regression in R v3.0.1%%. Potentially confounding covariates were identified and included in

the analysis (listed in Supplementary Methods). All reported P values are two tailed.

In vitro T cell survival

CD8* T Cell Lines. Three iKIR-expressing CD8* T cell lines were established from the peripheral
blood of healthy volunteers (Supplementary Fig S4). The lines were stained with cell trace
violet (CTV) and co-cultured with the HLA class I-deficient B cell line 221, either untransfected;
or transfected to express a non-cognate HLA molecule (HLA-B57:01 or HLA-C04:01 in the case
of KIR2DL3, and HLA-C03:04 or HLA-C04:01 in the case of KIR3DL1); or transfected to express
a cognate HLA molecule (HLA-C03:04 in the case of KIR2DL3, and HLA-B57:01 in the case of
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KIR3DL1). Cells were activated with superantigen staphylococcal enterotoxin E. The count of
live CTV* cells at day 5 was enumerated using CountBright Absolute Counting Beads
(Invitrogen) in the presence of antibodies to block KIR (GL183, Dx9%) or to block HLA class |

(Dx17%) or as an isotype control. The gating strategy is illustrated in Supplementary Fig. S5.

Primary CD8* T cells. PBMC from three HLA-B*27* individuals with ankylosing spondylitis were
stimulated with staphylocococcal enterotoxin B. Survival of KIR3DL2* CD8* T cells was
guantified in the presence of isotype controls or antibodies that block KIR3DL2 (DX31) or
homodimeric HLA-B27 (HD6%).

Pentamer staining

Cryopreserved PBMC samples from HLA-A*02* HIV-1* (N=16) and HLA-A*02* HTLV-I* (N=9)
subjects were thawed and stained sequentially with a fixable amine dye to exclude dead cells,
a fluorochrome-labelled peptide-HLA class | pentamer (ILKEPVHGV-A02:01, SLYNTVATL-
A02:01 or LTFGWCFKL-A02:01 for HIV-1 and LLFGYPVYP-A02:01 for HTLV-1) and directly
conjugated monoclonal antibodies specific for CD3, CD8, CD28, CD45RA, KIR2DL1, KIR2L2/L3,
KIR3DL1 and KIR3DL2. The fraction of iKIR* pentamer* CD8* T cells was enumerated within

each phenotypic compartment defined by the expression of CD28 and CD45RA.

Written informed consent was obtained from all participants in accordance with the
Declaration of Helsinki. Research was conducted under the governance of the Imperial College
Healthcare NHS Trust Tissue Bank, approved by the UK National Research Ethics Service
(09/H0606/106, 15/SC/0089).
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Figure 1: Inhibitory KIR genes enhance the protective effect of HLA-B*57 on early set-
point viral load and time to low CD4 count.

A. The IAVI cohort (N=461) was stratified into individuals with or without the functional KIR of
interest, into individuals with different inhibitory scores and into individuals with a low or high
count of functional iKIRs. In each stratum, the protective effect of HLA-B*57 on early set-point
viral load was analyzed using multivariate linear regression. The coefficients (change in early
set point viral load associated with HLA-B*57) are plotted. It can be seen that the protective

effect of HLA-B*57 was enhanced by all 3 iKIR, by high inhibitory score and by high count of
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iKIRs with a dose effect with inhibitory score. Definitions. Func 2DL1*: KIR2DL1*C2*. Func
2DL2**: KIR2DL2*C1*. Func 2DL2*: KIR2DL2*C2*. Func 2DL3*: KIR2DL3*C1*. Func 2DL1:
KIR2DL1 or KIR2DL1*C2". Func 2DL2: KIR2DL2". Func 2DL3: KIR2DL3  or KIR2DL3*CI".
Inhibitory score: +++: >2.5, ++: >2.0, +: £2.5. -: £2.0.

B. Cox survival curves are plotted for HLA-B*57~ individuals (black dashed line), HLA-B*57*
individuals with a low inhibitory score (red dotted line) and HLA-B*57* individuals with a high
inhibitory score (green solid line). It can be seen that individuals with HLA-B*57 and a high
inhibitory score (>2.5) progressed to low CD4 count (<350 cells per mm3) at the slowest rate
(N = 491).

C. The cohort (N = 461) was stratified into individuals with or without HLA-B*57 and the
relationship between early set-point viral load and the count of functional iKIRs was analyzed.
Early viral load is shown in grey boxes, and the corresponding linear regression is shown as a
line. The number of functional iKIRs was significantly associated with decreasing viral load in
HLA-B*57* individuals (P=0.018) but not HLA-B*57 ~ individuals (P =0.59). This indicates that
iKIRs enhance the HLA-B*57-associated reduction in early viral load in a dose-dependent
manner; and that iKIRs in the absence of HLA-B*57 are not in themselves significantly

protective (see also Supplementary Table S2).
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Figure 2: The HLA-B*57 protective effect on viral load is maintained in the presence of
a strong inhibitory KIR signal but lost in its absence.

A. The IAVI cohort was stratified into individuals with a low inhibitory score (<2.5, left) and
individuals with a high inhibitory score (>2.5, right). In each stratum, the local nonparametric
regression lines (loess) were calculated from the longitudinal viral load measurements (5197
person-visits). Pink circles denote viral load measurements in HLA-B*57 ~ individuals;
summarised with the pink loess line. Blue circles denote viral load measurements in HLA-B*57*

individuals; summarised with the blue loess line. Dashed lines are the 95% confidence
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intervals around the loess lines. The vertical lines denote the point in time at which the
number of unique individuals in either arm fell below 10 (loess lines to the right of this time
point will be unreliable). Viral load is residualized for gender; plots of raw viral load are
indistinguishable.

B. Bootstrap estimation of the correlation between the HLA-B*57 protective effect and time
in the low (£2.5) and high (>2.5) inhibitory score strata. Analysis was restricted to timepoints
<500 days to ensure large cohort size. The protective effect of HLA-B*57 decreased
significantly more rapidly in people with a low inhibitory score (P=0.00002, Wilcoxon Mann

Whitney two-tailed).
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Figure 3: Impact of iKIR-HLA interaction on CD8" T cell survival in vitro & iKIR
expression ex vivo

A. CD8* T cell lines (plots from left ED, KIR2DL3*; VTE1 KIR2DL3*; SK1 KIR3DL1*) were
cocultured with superantigen without adding ligand for KIR i.e. with 221 cells or with 221 cells
transfected to express irrelevant, non-cognate HLA (open bars); with ligand i.e. 221
transfected to express cognate HLA with or without isotype control antibody (black bars) and
with KIR-HLA blocking i.e. 221 transfected to express cognate HLA with addition of antibody
to block KIR (GL183, DX9) or to block HLA (DX17) (red bars). The count of live CD8* T cells after
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5 days is shown (mean+ SE). ED: 5 experiments each consisting of 3 replicates; VTE1: 1
experiment, 4 replicates; SK1: 1 experiment, 2 replicates. It is consistently seen that there are
greater numbers of viable T cells with isotype control than when the KIR-HLA interaction is
blocked (block KIR: median difference = 40% P = 0.0007; block HLA: median difference = 49%
P =0.002).

B. PBMCs from 3 HLA-B27+ individuals with ankylosing spondylitis were left untreated (open
bars); cultured with superantigen (SEB) with or without isotype control antibody (black bars)
or cultured with SEB with antibodies that block KIR3DL2 or homodimeric HLA-B27 (red bars).
The count of live KIR3DL2* CD8* T cells after 5 days is shown, (meant SE). Blocking the iKIR-
HLA interaction with specific antibodies decreased the count of live KIR3DL2* T cells compared
to isotype control (block KIR: median difference=57%; block HLA: median difference=55%).

C. The KIR2DL3-expressing CD8* T cell line VTE1 was cultured as in A. The number of live CD8*
CD107a* T cells was quantified by flow cytometry at day 5.

D. The fraction of pentamer* CD8" T cells expressing iKIRs (KIR2DL1, KIR2DL2/L3, KIR3DL1 or
KIR3DL2) directly ex vivo is plotted for HLA-A2* individuals infected with HIV-1 (N = 16) or
HTLV-1 (N =9). The HIV-1-seropositive subjects were derived from two separate cohorts, a UK
cohort and an East African cohort, data split by cohort are shown in Supplementary Fig. S7.
The differentiation stage of iKIR-expressing virus-specific CD8* T cells is shown in

Supplementary Fig. S8.
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Figure 4: Simulations of iKIR enhancement of HLA class | disease associations in HIV-1.

A. Dynamics of HIV-1-specific CD8* T cells, infected and uninfected CD4* T cells and viral load

during HIV-1 infection, for a representative hypothetical in silico subject with average (dashed
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black line) or protective (green solid line) HLA class | alleles.

B&C. Enhancement of protective (B) or detrimental (C) HLA class | effects: fraction of runs
that result in an iKIR-mediated enhancement of the protective/ detrimental HLA effect as a
function of virus transmissibility () and CD8* T cell proliferation rate (s;) (left); as a function
of CD8* T cell lysis rate (dz) and proliferation rate (s2) (center) and as a function of CD8* T cell
death rate (Wa) and proliferation rate (s2) (right).

D&E. Distribution (D) and frequency (E) of runs with enhancement when we consider an
impairment in the CD8* T cell lysis rate due to iKIRs (percentage reduction from left to right:
0%, 5% , 15% and 30%).

F. Viral load as a function of CD8* T cell lifespan (1/u4) for a hypothetical person with
detrimental (magenta dotted), average (black dashed) or protective (green solid) HLA class |
alleles. It can be seen that as the survival of CD8* T cells increases both the effect of protective
HLA (difference in viral load between average and protective HLA) and the effect of
detrimental HLA (difference in viral load between average and detrimental HLA) increases.
Compare for example, a hypothetical person with a high number of iKIR-HLA pairs (blue bar
marked KIR hi) and a hypothetical person with a low number of iKIR-HLA pairs (blue bar

marked KIR low).
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Tables

A. Outcome: Early viral load setpoint

(cut-off=2.0)

B57' KIR~™ B57* KIR* Cohort numbers
B57* B57~ B57* B57~
Coeff Pvalue| Coeff P value KIR- KIR- IR IR
Functional 2DL1 -0.14 0.6 -0.53 0.003 10 125 25 301
* %
Functional 2DL2 -0.63 0.02 10 178
(strong) *
-0.31 0.1 17 153
Functional 2DL2 -0.59 0.01 15 208
(weak) *
Functional 2DL3 -0.26 0.2 -0.61 0.002 18 180 17 246
* %
Inhibitory score -0.20 0.4 -0.56 0.004 14 195 21 231
(cut-off=2.0) *ok
Inhibitory score -0.31 0.1 -0.59 0.0096 21 258 14 168
(cut-off=2.5) o
Count -0.20 0.4 -0.56 0.004 14 195 21 231
(cut-off=2.0) o
B. Outcome: Time to low CD4 count (<350 cells/mm?3)
B57* KIR~ B577 KIR* Cohort numbers
B57* B57~ B57* B57~
HR  Pvalue HR P value KIR- KIR- KIR* KIR*
Functional 2DL1 0.73 0.6 0.36 0.01 10 132 25 324
*
Functional 2DL2 0.19 0.03 10 187
(strong) 0.09 *
0.36 17 168
Functional 2DL2 0.71 0.40 15 221
(weak)
Functional 2DL3 0.56 0.18 0.32 0.05 18 195 17 261
Inhibitory score 049 0.17 0.42 0.06 14 214 21 242
(cut-off=2.0)
Inhibitory score 0.57 0.15 0.22 0.04 21 280 14 176
(cut-off=2.5) *
Count 0.49 0.17 0.42 0.06 14 214 21 242

Table 1: Functional iKIRs enhance the protective effect of HLA-B*57 on early set-point

viral load and time to low CD4 count.

The IAVI cohort was stratified into individuals with or without the functional iKIR of interest,

with or without a high inhibitory score (two cut-offs considered) and with or without a high
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count of functional iKIRs (only one cut-off possible). In each stratum, the protective effect of
HLA-B*57 on early set-point viral load (A) and time to low CD4 (B) was analyzed using
multivariate linear regression and the Cox proportional hazards model, respectively. The
coefficients (Coeff), hazard ratios (HR), P values and cohort sizes are reported. The coefficient
(Coeff) is the change in log viral load associated with possession of the HLA allele (a Coeff>0
represents a detrimental effect). The hazard ratio (HR) is the relative risk of progression

associated with possession of the HLA allele (HR >1 represents a detrimental effect).

It can be seen that HLA-B*57 was consistently and significantly protective in the presence but

not in the absence of functional iKIRs.

Definitions: Functional 2DL1*: KIR2DL1*C2*. Functional 2DL2+ (strong): KIR2DL2*C1".
Functional KIR2DL2+ (weak): KIR2DL2*C2*. Functional 2DL3+: KIR2DL3*C1". Functional 2DL1":
KIR2DL1™ or KIR2DL1*C2". Functional 2DL2: KIR2DL2".  Functional 2DL3: KIR2DL3 or
KIR2DL3*C1". Inhibitory score (cut-off=2.0): inhibitory score>2.0. Inhibitory score (cut-off=2.5):
inhibitory score>2.5. Count (cut-off=2.0): count of functional iKIRs>2.0. The column headings,
“KIR+" and “KIR-" refer to the high and low strata. E.g. for Functional 2DL1, “KIR+"” denotes
the Functional KIR2DL1+ strata, “KIR-" the Functional KIR2DL1- strata; for inhibitory score (cut
off=2.0), “KIR+"” denotes the strata of individuals with inhibitory score>2.0, “KIR-” denotes the

strata of individuals with inhibitory score<=2.0 etc.

Note the stratification provided by the count of iKIRs is the same as one of the stratifications
provided by inhibitory score. We report both because the count benefits from being a more
objective measure (independent of the choice of weight) whilst the inhibitory score benefits
from a greater diversity of values, typically allowing for stratification at more than one cut-off.

All cut-offs that gave a sufficiently balanced analysis were considered.
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A. I|AVI partners HLA-B*57

Outcome: log viral load

B57 KIR- B57* KIR* Cohort numbers
Coeff Pvalue| Coeff P value ﬁfg_ "',3(?,?7 - 7}'7,; "'?(5”;
Inhibitory score 037 0.3 -0.33 0.1 10 122 31 152
(cut-off=2.0)
Inhibitory score -0.21 0.4 -0.46 0.06 18 159 23 115
(cut-off=2.5)
Count iKIR -0.37 0.3 -0.33 0.1 10 122 31 152
(cut-off=2.0)
B. Pooled IAVI & IAVI partners HLA-B*57 Outcome: log viral load
B57 KIR™ B57* KIR* Cohort numbers
Coeff Pvalue ] Coeff P value %5,?7— 1/3&?7 - I?(?Rl ‘?g’;
Inhibitory score -0.33 0.08 -0.47 0.0002 27 330 64 420
(cut-off=2.0) : kX
Inhibitory score -0.35 0.01 -0.51 0.0007 47 439 44 311
(cut-off=2.5) * *Ekx
Count iKIR -0.33 0.08 -0.47 0.0002 27 330 64 420
(cut-off=2.0) . ok
C. Pooled IAVI & IAVI partners HLA-B*35Px Outcome: log viral load
B35Px* KIR~ B35Px* KIR* Cohort numbers
Coeff Pvalue | Coeff P value BifRP X' Bif: X Bf(f;?(+ Bﬁf;ﬁ( )
Inhibitory score -0.12 0.4 +0.31 0.003 49 308 104 380
(cut-off=2.0) ok
Inhibitory score +0.08 0.5 +0.27 0.04 87 399 66 289
(cut-off=2.5) *
Count iKIR -0.12 0.4 +0.31 0.003 49 308 104 380
(cut-off=2.0) ok
D. US HLA-B*57 African Americans Outcome: time to low CD4 count (<200 cells/mm?3)
B57* KIR™ B57* KIR* Cohort numbers
HR  Pvalue HR P value %5',; ?(‘7"?7 _ 7}%{: ?(5”;_
Inhibitory score 0.54 0.42 0.21 0.04 8 92 23 89
(cut-off=2.0) *
Inhibitory score 0.54 0.41 0.22 0.04 10 110 21 71
(cut-off=2.5) *
Count iKIR 0.51 0.37 0.21 0.04 8 92 23 88
(cut-off=2.0) *
E. US HLA-B*57 All ethnicities Outcome: time to low CD4 count (<200 cells/mm?3)
B57* KIR™ B57* KIR* Cohort numbers
HR  Pvalue HR P value ifgj ?(‘7,?7 _ 7}?’,?7: 7(5”;_
Inhibitory score 0.29 0.24 0.25 0.004 8 236 36 210
(cut-off=2.0) ok
Inhibitory score 0.34 0.15 0.25 0.01 11 271 33 175
(cut-off=2.5) *
Count iKIR 0.36 0.32 0.27 0.006 8 235 36 211

(cut-off=2.0)

* %
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F. US HLA-B*35Px African Americans Outcome: time to low CD4 count (<200 cells/mm?3)
B35Px* KIR~ B35Px* KIR* Cohort numbers
HR  Pvalue] HR P value BifRPf B3K;5; X Bf(f;f Bﬁgf i
Inhibitory score 0.22 0.15 2.06 0.05 11 89 34 78
(cut-off=2.0) .
Inhibitory score 0.82 0.68 2.08 0.08 24 96 21 71
(cut-off=2.5) .
Count iKIR 0.29 0.13 2.04 0.06 11 89 34 77
(cut-off=2.0) .
G. US HLA-B*35Px All ethnicities Outcome: time to low CD4 count (<200 cells/mm?3)
B35Px* KIR~ B35Px* KIR* Cohort numbers
HR Pvalue] HR Pvalue |8 szPf B3K;5; X B ﬁ,;x+ Bﬁé’f{ i
Inhibitory score 1.54 0.22 2.57 0.001 20 224 44 202
(cut-off=2.0) ok
Inhibitory score 1.89 0.02 2.42 0.01 37 245 27 181
(cut-off=2.5) * *
Count iKIR 1.81 0.09 2.74 0.0004 20 223 44 203
(cut-off=2.0) . HokE

Table 2. Functional iKIRs enhance the protective effect of HLA-B*57 and the
detrimental effect of HLA-B*35Px in two independent replication cohorts.

Two independent replication cohorts were considered (IAVI-partners and US). In a separate
analysis IAVI and |AVI-partners were pooled to increase cohort size. Cohorts were stratified
into individuals with a low or high inhibitory score (two cut-offs considered) and into
individuals with a low or high count of functional iKIR (only one cut-off possible). In each
stratum the effects of HLA-B*57 and HLA-B*35Px were analyzed. HLA-B*35Px was not
analyzed in IAVI partners as the HLA gene alone had no detectable impact (Coeff=+0.04 P=0.8).

Definitions as in Table 1.

In all cohorts, all variables which had a significant impact on outcome were included in the
model as covariates. A: linear regression, covariates: gender. B&C: linear regression,
covariates: gender, cohort. D&F: Cox regression, covariates: age, subcohort. E&G: Cox
regression, covariates: KIR3DL1*Bw4-80I*, age, ethnicity, subcohort. In all cohorts where
functional KIR3DS1 (KIR3DS1*Bw4-80I*) was protective individuals with functional KIR3DS1

were removed prior to analysis to give a clean background (cohorts reported in B, C, E, G).
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Note, the only balanced stratification provided by the “count of functional iKIRs” (namely <2
vs. >2) is the same as the stratification provided by the inhibitory score with a cut-off of 2.0.
The inhibitory score has more diversity than the count and so typically more stratifications by
inhibitory score than by count are possible. All cut-offs that gave a sufficiently balanced

analysis were considered.
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KAGOSHIMA COHORT. OUTCOME: ODDS OF DISEASE (HAM/TSP)

A. HLA-B*54
B54* KIR~ B54* KIR* Cohort numbers
B54* B54~ B54* B54~
OR  Pvalue OR P value KIR- KIR- KIR* KIR*
Functional 2DL2 1.69 0.17 12.14 0.004 62 231 20 79
(strong) *
Functional 3DL1 1.98 0.13 4.45 0.007 48 147 34 163
k%
Inhibitory score 1.29 0.7 5.33 0.0007 36 94 46 216
(cut-off=1.5) ok
Inhibitory score 2,19 0.03 9.35 0.06 73 253 9 57
(cut-off=1.75) * .
Count functional 1.31 0.6 5.31 0.0007 36 93 46 217
iKIR (cut-off=1) *oAx
B. HLA-A*02:07
A02077 KIR~ A0207° KIR* Cohort numbers
OR  Pvalue OR P value AZIZ:T A%SZ A%gf A(I)<21/2*7
Functional 2DL2 0.33 0.04 0.15 0.1 23 270 7 92
(strong) *
Functional 3DL1 0.54 0.3 0.07 0.006 21 174 9 188
k%
Inhibitory score | 081 08 | 010  0.003 16 114 14 248
(cut-off=1.5) *ok
Inhibitory score - it s e
(cut-off=1.75) Insufficient number of A02:077KIR* individuals
Count functional 0.83 0.8 0.10 0.003 16 113 14 249
iKIR (cut-off=1) ok
C. HLA-c*08
CO8* KIR~ Co8* KIR* Cohort numbers
cos* co8~ cos* co8~
OR  Pvalue OR P value KIR- KIR- KIR* KIR*
Functional 2DL2 0.66 0.4 0.16 0.02 43 250 13 86
(strong) *
Functional 3DL1 0.53 0.19 0.48 0.3 39 156 17 180
Inhibitory score 1.09 0.9 0.32 0.02 28 102 28 234
(cut-off=1.5) *
Inhibitory score 0.62 0.2 0.08 0.04 49 277 7 59
(cut-off=1.75) *
Count functional 1.11 0.9 0.32 0.02 28 101 28 235

iKIR (cut-off=1)

*
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Table 3: Functional iKIRs enhance HLA class | associations in HTLV-1 infection.

The Kagoshima cohort was stratified into individuals with and without the functional iKIR of
interest. In each stratum the effect of (A) HLA-B*54, (B) HLA-A*02:07 and (C) HLA-C*08 on
HAM/TSP status was analyzed using multivariate logistic regression (with covariates age &
gender). The odds ratio (OR), P values and cohort sizes are reported. An OR <1 represents a

protective effect (reduced odds of HAM/TSP).

The detrimental effect of HLA-B*54 and the protective effects of HLA-A*02:07 and HLA-C*08
on HAM/TSP status were enhanced in people with strong functional KIR2DL2, functional
KIR3DL1 and a high inhibitory score. There was an insufficient number of people with HLA-C2
to analyse functional KIR2DL1, weak functional KIR2DL2 and functional KIR2DL3. Similar
results were obtained if we use factors instead of stratification. The ligands of KIR3DL1 are
contentious with one paper reporting that KIR3DL1 binds HLA-A*23, -A*24 and —A*32 as well
as HLA-Bw4 molecules®. If we amended our definition of functional KIR3DL1 to include these
HLA-A alleles then the conclusions were unchanged with the exception of HLA-C*08 where
our conclusion was strengthened (magnitude of enhancement of protective effect of HLA-

C*08 in the functional KIR3DL1-positive stratum is greater).

All cut-offs that gave a sufficiently balanced analysis were considered. The definitions of ‘low’

and ‘high’ iKIR counts and scores were reduced compared with other cohorts in this study to

compensate for lower overall iKIR counts and scores in the Japanese cohort.
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